Recently, we showed that light modulates the activity of a number of key enzymes involved in stomatal movement (13). The experiments reported here indicate that the sulfite or arsenite effect on stomatal opening in the light is a consequence of the inhibition of light modulation of enzyme activity in pea leaf epidermis.
fixation (18) . Sulfite concentrations as low as 125 UM favored the formation of low-mol-wt forms of NAD-and NADP-malate dehydrogenases (18) .
Anderson and Avron (3) showed that arsenite reacts with vicinol dithiols and reduces or eliminates the light modulation of enzyme activity in pea leaf chloroplasts. CO2 fixation in spinach chloroplasts was inhibited by arsenite under conditions where electron transport and photophosphorylation are not affected (3) .
Recently, we showed that light modulates the activity of a number of key enzymes involved in stomatal movement (13) . The experiments reported here indicate that the sulfite or arsenite effect on stomatal opening in the light is a consequence of the inhibition of light modulation of enzyme activity in pea leaf epidermis.
In recent years, considerable interest has been shown in testing the stomatal responses to air pollutants since stomata are the principal portals for entry of air pollutants (5, 6, 8, 9) . SO2 absorbed by plant leaves through stomata is transformed into sulfite and/or bisulfite ions on the wet surface of guard cells and in cytoplasmic fluid, resulting in proton generation (17) . With SO2 exposure, stomata of tomato, perilla, peanut, spinach, and grape closed (7, 15) , whereas stomata of gingko and American elm showed opening (10) . Stomata of pea plants closed consistently with injurious levels of SO2 and also showed a closing response with noninjurious levels (11) .
Light modulation of enzyme activity in higher plants involves generation of membrane-bound vicinal dithiol groups within the chloroplasts, apparently by the reduction of disulfide bonds (2, 3) . Sulfitolysis of these disulfide bonds is particularly harmful to the plant since the regulation of carbon metabolism will be disrupted. The capacity for light modulation of enzyme activity in chloroplasts was reduced or eliminated when the chloroplast membrane fraction was exposed to sulfite in light or darkness (3). Anderson and Duggan (4) investigated the effect of sulfite on the activities of light-modulated enzymes in leaf chloroplast systems and the effect of SO2 on enzyme activity in whole plants. Light modulation of enzyme activity was diminished by brief exposure to sodium sulfite or atmospheric SO2.
The effects of SO2 on chloroplast enzyme systems have been studied using the hydration products of bisulfite and sulfite (18) .
The toxic effects of SO2 on components of the photosynthetic apparatus are various. Exposure to SO2 has been reported to inhibit 02 evolution (16) , photophosphorylation (16, 18) Protein Assay. Protein was estimated as described in the preceding paper (13) .
Reagents and Seed MateriaL All biochemicals were obtaned from Sigma. Other chemicals were analytical reagent grade. Pea seeds were obtained from Northrup and King, Chicago.
RESULTS
The effect of sulfite and arsenite on the time course of stomatal opening in light or darkness in the epidermal strips of pea leaf is shown in Figure 1 . The stimulation of stomatal opening was greater in the light than in darkness. There was more stimulation of stomatal opening at 3 h after incubation than at 2 h. Sulfite or arsenite at 10 jAM inhibited the stomatal opening appreciably in light. In darkness, arsenite stimulated the stomatal opening while sulfite showed a slight inhibition.
The effect of different levels of sulfite or arsenite on stomatal opening in light or darkness in isolated epidermal strips is shown in Figure 2 . Sulfite or arsenite at 10 JM concentrations elicited a marked inhibition of stomatal opening in light. The higher concentrations (50 and 100 pM) of sulfite or arsenite also inhibited the stomatal opening in light. In the epidermal strips incubated in darkness, sulfite did not show definite effect on stomatal movement, whereas arsenite stimulated the stomatal opening process with the increase in concentration.
The influence of much higher concentrations of sulfite or arsenite on PEP carboxylase and NAD-malate dehydrogenase is shown in Figure 3 . PEP carboxylase was slightly inhibited by sulfite and markedly activated by arsenite (at lower concentrations). The activity of NAD-malate dehydrogenase was markedly decreased by the increase in the concentration of sulfite in the reaction mixture, while arsenite at very high concentrations (500 p,M) gave only slight inhibition of the enzyme activity. At the low concentrations used in the experiments dealing with stomatal opening, no effects on enzyme activity were seen. Clearly, the effect of these compounds on stomatal opening cannot be attributed to a direct effect on these two enzymes.
Sulfite and arsenite effects on light modulation of enzyme activities in epidermis are detailed in Table I . Enzyme activities are expressed on a buffer soluble protein basis. Incubation of epidermis in light for 2 h increased the activity of PEP carboxylase (2-fold) and NADP-malate dehydrogenase (3-fold). The light activation of PEP carboxylase and NADP-malate dehydrogenase was completely inhibited by sulfite or arsenite treatment. The total activity of the above two enzymes was also markedly decreased by sulfite (67% and 79%) and arsenite (50% and 63%).
DISCUSSION
Stomatal movements are caused by changes in guard cell turgor arising from the movement of K+ and H+ with electroneutrality being maintained by movement of Cl-or internal production of malate (12, 14) . In the previous paper, we reported the possible involvement of light modulation of enzymes in stomatal movement in pea leaf epidermis (13) . The present study indicates that the inhibition oflight modulation ofenzymes is one ofthe primary sensitive sites of action for the sulfite-or arsenite-induced stomatal closure in light. The inhibition of stomatal opening by sulfite in light in pea leafepidermal strips is consistent with the observations of Olszyk and Tibbits (11) on intact pea leaves with SO2 fumigation. The stimulation of stomatal opening by arsenite in darkness indicates that the site of action for sulfite and arsenite in darkness might be different. The reasons for the observed increase in the activity of PEP carboxylase at lower concentrations of arsenite added to the reaction mixture are not known. But the decrease in the activity of NAD-malate dehydrogenase with increasing concentrations of sulfite is consistent with the observations of Ziegler (18) .
Several mechanisms for the regulation of stomatal aperture changes during exposure were proposed on the basis ofthe present knowledge of factors controlling stomatal aperture, and the physiological and biochemical effects of SO2 within plants (6) . SO2 exposure decreased the pH ofthe cell cytoplasm (17) . Acidification of the cytoplasm could result in changes in the structure of (3) envisaged that there might be thylakoidbound LEM located at the reducing side of PSI to mediate the transfer of electrons from the photosynthetic electron transport system. They found that if the thylakoids were poisoned by being exposed to arsenite or sulfite, light modulation of enzyme activity was inhibited in the reconstituted system. Sulfite was effective whether the thylakoids were exposed to the poison in light or darkness. But in darkness, arsenite had no effect and could be washed out of the thylakoids. These experiments suggested that a disulfide bond was involved in light modulation. Alscher-Herman (1) has found that light activation of fructose 1,6-bisphosphatase in an S02-sensitive soybean cultivar is sulfite sensitive, while light activation in a S02-insensitive cultivar is not affected by sulfite. These experiments indicate that S02 susceptibility is related to the LEM system.
The presence of both photosystems in guard cells has been demonstrated (12) . It was suggested that one of the important physiological changes associated with H20 oxidation by photosynthetic electron transport might be modulation of enzyme activity in guard cells. In the previous paper, we provided experimental evidence for the possible involvement of light modulation of enzymes in the mechanism of stomatal movement (13) . The present study indicates that sulfite and arsenite-induced inhibition of stomatal opening in light may be due to the inhibition of light Li'-
